To determine whether the Bunsen-Roscoe reciprocity law (i.e., the extent of photochemical effects is determined by cumulative irradiance) is applicable to ultraviolet-B (UVB) damage in the twospotted spider mite Tetranychus urticae, egg hatchability and survival of individuals were assessed after irradiation with a UVB lamp using various combinations of intensity and time length. A positive linear correlation between probit mortality and cumulative UVB irradiance was detected in eggs, larvae, teleiochrysalis females, and adult females, regardless of UVB intensity (0.19-0.58 W m −2 ). LD 50 values were clearly higher in adult females, followed by teleiochrysalis females, larvae, and eggs. In eggs, reciprocity was obeyed not only at the UVB intensities listed above, but also at very low UVB intensity (0.014-0.023 W m −2 ). Such reciprocity in the negative effects of UVB radiation was also observed for the developmental rate of juveniles and egg production of adult females. However, the LD 50 value of eggs obtained using the UVB lamp (0.58 kJ m −2 ) was lower than that elicited by solar UVB radiation in a previous outdoor experiment (about 50 kJ m −2 ). These results suggest that a photoreactivation mechanism plays an important role in the survival of this mite under solar radiation.
Introduction
Ambient ultraviolet (UV) radiation causes deleterious effects in organisms through the induction of cytotoxic DNA lesions, for example, cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts (Sinha and Häder, 2002) , and the production of reactive oxygen species (Jurkiewicz and Buettner, 1994) . Recent literature has documented the harmfulness of solar and artificial UV radiation to plant-dwelling mites, such as the herbivorous twospotted spider mite Tetranychus urticae Koch (Ohtsuka and Osakabe, 2009; Suzuki et al., 2009) , as well as predaceous phytoseiid mites (Ohtsuka and Osakabe, 2009; Onzo et al., 2010; Tachi and Osakabe, 2012) . Of the range of UV wavelengths, damage to T. urticae is induced by ultraviolet-B (UVB, 280-315 nm wavelengths; Sakai and Osakabe, 2010) . Sakai and Osakabe (2010) concluded that escape from UVB damage was the main factor determining the typical location of T. urticae on the lower leaf surfaces of host plants.
The Bunsen-Roscoe reciprocity law (hereafter, the reciprocity law) states that as long as the product of irradiance and the time of exposure is the same the photochemical effect will be the same (Dworkin, 1958) ; i.e., the extent of photochemical effects is determined by cumulative irradiance (J m −2 ) [= irradiance (W m −2 ) × irradiation period (s)]. The reciprocity law might also be applicable to UV damage in organisms, e.g., the amount of DNA lesions in an aquatic arthropod, Daphnia sp. (Connelly et al., 2009) , and the extent of disinfection of the airborne bacterium Serratia marcescens (Riley and Kaufman, 1972) . Reciprocity in survivorship under UVB radiation has also been demonstrated in shrimp zoea (Wübben, 2000) , early life stages of sea urchin (Nahon et al., 2009 ) and fish eggs (Kouwenberg et al., 1999) . However, mortality of shrimp zoea after UVB irradiation at low intensity (0.2 W m −2 ) diverged from the reciprocity law, which had been upheld under radiation at higher irradiances (Wübben, 2000) . Similar divergence from reciprocity in UVB damage was also found for several cases of aquatic animals (Cywinska et al., 2000) . Therefore, applicability of the reciprocity law to UV damage in organisms is still disputable.
Most previous studies in this field have been conducted using aquatic animals. Thus far, little information about the reciprocity law in UVB damage of terrestrial animals has been reported. Sakai et al. (2012) found that the hatchability of T. urticae eggs experimentally exposed to solar UVB radiation was negatively correlated with cumulative UVB irradiance but not with UVB intensity. Although intense UVB radiation in summer was expected to exert the greatest effect on survival of T. urticae (e.g., Barcelo, 1981) , egg hatchability was lowest in April (11%) and increased almost linearly until October (92%; Sakai et al., 2012) .
In this study, we aimed to elucidate whether the reciprocity law is applicable to UVB damage of T. urticae. We examined egg hatchability and survival of larvae, teleiochrysalises, and adults after irradiation with UVB at various combinations of intensity and time lengths using a UVB lamp. Effects on egg production and developmental rate were also evaluated.
Materials and methods

Mites
The common polyphagous spider mite T. urticae is an economically important agricultural pest with a worldwide distribution. The population of T. urticae used in this study had been cultured in the laboratory on potted kidney bean plants at 25-28°C for at least 6 years. Mite populations from several different localities in Japan had been added to the cultures.
UVB irradiation
UVB irradiation was performed at 25°C in the laboratory, whose interior was illuminated by fluorescent lamps. Eggs or mites on leaf disks in Petri dishes were placed on four shelves located at different distances (0.45, 0.85, 1.35, and 1.75 m) from an overhead UVB lamp (YGRFX21701GH; Panasonic Co., Osaka, Japan) affixed at the top of a steel rack (1.9 m high × 0.6 m width × 0.6 m depth). The intensities of UVB (280-320 nm) received by the Petri dishes on the shelves were 0.19 (UVA+UVB: 0.27), 0.31 (0.45), 0.58 (1.0), and 1.55 (2.8) W m −2 , respectively (X1 1 Optomerter; Gigahertz-Optik Inc., Newburyport, MA). The highest solar UVB irradiances at ground level in Japanese main islands over seasons are around 2 W m −2 (Nozawa et al., 2007 (Nozawa et al., , 2010 . The UVB irradiances used in this study was thus within the ambient solar UVB radiation in Japan. The frame of the shelves (steel rack) was covered with UV-opaque film (0.1 mm thick polyvinyl chloride film, Cutaceclean Kirinain; MKV Platech Co. Ltd., Tokyo, Japan) that filtered out UV. Petri dishes assigned as controls were placed on an adjoining shelf outside of the UV opaque film (UVB irradiance = 0 W m −2 ). The output of the UV lamp peaked at a wavelength of 310 nm. Because the laboratory interior was illuminated with fluorescent lamps during the UVB irradiation, data from this experiment potentially contain the effects of photoreactivation. The spectrum of relative intensity was measured using a spectrometer (UFV-VIS F; Spectra Co-op Co., Tokyo, Japan; Fig. 1 ). After UVB irradiation, the Petri dishes were kept in the laboratory at 25°C and 16:8 h L:D light cycles (fluorescent lights were turned on at 07:00 h and off at 23:00 h).
Mite preparation and observation after UVB irradiation 2.3.1. Effects on egg hatchability
We prepared eight Petri dishes (9 cm in diameter). Four kidney bean leaf disks (2 × 2 cm) were placed on water-soaked cotton in each of the Petri dishes. Five adult T. urticae females were introduced onto each leaf disk. These Petri dishes were placed in the laboratory (25°C, 16:8 h L:D). After 24 h, the adult females were removed, and eggs laid on the leaf disks were counted. Two Petri dishes were then placed on each of three shelves for irradiation at 0.19, 0.31, and 0.58 W m −2 of UVB radiation, and the remaining two dishes were placed on the adjoining shelf as controls (0 μW cm −2 ). We immediately exposed these eggs to UVB radiation for 15, 30, 60, or 90 min.
Using the same procedure, eggs were also exposed to treatments irradiated with 0 (control), 0.31, and 0.58 W m −2 UVB for 10 min, and with 0, 0.19, and 0.31 W m −2 for 120 min. A series of treatments was performed once. The numbers of eggs used for each combination of UVB intensity and irradiation time length (two Petri dishes containing eight leaf disks) were 283-453 in total (20-63 eggs per leaf disk except one leaf disk assigned for 0 μW cm −2 for 10 min exposure, on which only three eggs were available because four adult females had escaped from a leaf disk during the oviposition period).
After exposure to UVB radiation, the Petri dishes were returned to the laboratory where they had been reared before treatment (25°C, 16:8 h L:D). Hatchability was checked on day 6 after exposure, as we had previously confirmed that few eggs hatched after 6 days post-exposure.
Assuming that the UVB damage obeyed the reciprocity law, to clarify the damage threshold by the intensity of UVB radiation, we additionally tested the effects of weak UVB irradiation on egg hatchability. Low-intensity treatments were performed by irradiation with 0 (control) and 0.023 W m −2 for 10 h, 0 and 0.014 W m −2 for 217 min, and 0 and 0.018 W m −2 for 284 min and 471 min. For the low-intensity treatment, the overhead UVB lamp was covered with a black metal mask made of a perforated metal mesh [Perforated Metal No. 16 (φ2 × 3.5P staggered perforation; 29 .6% open), Metaltech Co., Tokyo]. Two Petri dishes prepared using the same procedure described above were set on the shelf at 1.75 m from the UVB lamp, and another two Petri dishes were placed on the adjoining shelf as controls (0 W m −2 ). A series of treatments was performed once. The numbers of eggs used for each combination of UVB intensity and irradiation time length (two Petri dishes containing eight leaf disks) were 376-571.
After exposure to UVB radiation, egg hatchability was determined using the procedure described above. In the data analysis, mortality rates from the low-and high-intensity (described above) treatments were compared (see section 2.4).
Effects on larvae
Two kidney bean leaf disks (2 × 2 cm) were placed on water-soaked cotton in each of four Petri dishes for each batch. Five adult T. urticae females were introduced onto each leaf disk in the laboratory (25°C, 16:8 h L:D). After 24 h, adult females were removed. Two days later (day 2 after the removal of adult females), we checked egg status and removed hatched larvae if present. On day 3, we counted the number of larvae hatched within 24 h and removed unhatched eggs. One Petri dish (two leaf disks) was placed on each of three shelves, 0.19, 0.31, and 0.58 W m −2 , and on the adjoining shelf as a control (0 W m −2 ). We then exposed these larvae to UVB radiation for 30, 45, or 60 min.
Using the same procedure, larvae were also irradiated using treatments with 0 (control) and 0.58 W m −2 for 15 min; 0 and 0.31 W m −2 for 90 min; 0, 0.19, and 0.31 W m −2 for 120 min; and with 0 and 0.19 W m −2 for 180 min. A series of treatments was performed twice. The numbers of larvae used for each combination of UVB intensity and irradiation time length (two Petri dishes containing four leaf disks) were 49-95 in total (21-48 larvae per treatment).
After exposure to UVB radiation, larvae were individually transferred to newly prepared leaf disks (1.5 × 1.5 cm) on water-soaked cotton in Petri dishes in the laboratory (25°C, 16:8 h L:D). We then checked the survival rate, developmental stage, and sex of individuals that attained maturity every day until all individuals had developed to adulthood or died (day 9). Individuals remaining at a particular chrysalis stage for more than 5 days were judged to be dead.
Effects on teleiochrysalis females
One kidney bean leaf disk (4 × 4 cm) was placed on water-soaked cotton in each of four Petri dishes. From 30 to 32 teleiochrysalis females (quiescent stage of deutonymph just before the last molt to adulthood) were introduced onto each leaf disk. One Petri dish was placed on each of three shelves, 0.19, 0.31, and 0.58 W m −2 , and on the adjoining shelf as a control (0 W m −2 ). We then exposed these teleiochrysalis females to UVB radiation for 60, 120, or 180 min. Using the same procedure, teleiochrysalis females were also irradiated using treatments with 0 (control), 0.58, and 1.55 W m −2 for 30 min, and with 0(control), 0.19, and 0.31 W m −2 for 240 min. A series of treatments was performed once. The numbers of teleiochrysalis females used for each combination of UVB intensity and irradiation time length (one leaf disk) were 29-32.
After exposure to UVB radiation, we removed individuals that had molted during exposure to UVB radiation. These females were reared in the laboratory (25°C, 16:8 h L:D). The proportion of molting individuals was checked 3 days after exposure because we preliminary confirmed that few individuals molted after 3 days post-exposure.
Effects on adult females
One kidney bean leaf disk (4 × 4 cm) was placed on water-soaked cotton in each of four Petri dishes. Twenty teleiochrysalis females were introduced onto each leaf disk. To raise the relative humidity (RH) on the leaves, the Petri dishes were covered with transparent plastic lids. Under humid conditions, tetranychid mites in the quiescent stage delay molting (Ikegami et al., 2000) . After 2 days (day 0), the lids were removed and most adult virgin females emerged within 30 min. Three days later (day 3), we counted newly emerged adult females. One Petri dish was placed on each of three shelves, 0.31, 0.58, and 1.55 W m −2 , and on the adjoining shelf as a control (0 W m −2 ). We then exposed these adult females to UVB radiation for 6 h. Using the same procedure, adult females were also irradiated using treatments with 0 (control), and 1.55 W m −2 for 2 and 10 h, and with 0, 0.31, and 0.58 W m −2 for 14 and 24 h. A series of treatments was performed three times. The numbers of adult females for each combination of UVB intensity and irradiation time length (three Petri dishes containing three leaf disks) were 41-60 in total (13-20 females per treatment except two leaf disks assigned for 0 μW cm −2 for 14 h and 24 h exposure, on which 4 and 9 adult females, respectively, were available because of excessive failure to molt).
After exposure to UVB radiation, adult females were individually transferred to newly prepared leaf disks (1.5 × 1.5 cm) on water-soaked cotton in Petri dishes in the laboratory (25°C, 16:8 h L:D). We checked the survival rates after 3 days (day 6) because we preliminary confirmed that individuals died due to UVB damage were clearly distinctive from living mites. Females escaped from leaf disks were included in the number of dead individuals. The number of eggs laid on each leaf disk was also checked on day 3.
Data analysis 2.4.1. Regression of mortality on cumulative UVB irradiance and LD 50
Mortality in each treatment was corrected following Abbott's formula (Abbott, 1925) ,
, where M, X, and Y represent the %-corrected mortality, the natural (control) death rate of individuals (eggs), and the death rate of individuals (eggs) exposed to UVB radiation, respectively, in each treatment. For this calculation, the number of individuals (eggs) on leaf disks was pooled in each treatment (no replication experiment).
The corrected mortalities were transformed to probits except for data on 0 or 100% mortality. To evaluate the effects of UVB intensity on mortality, the data set for each developmental stage was used in an analysis of covariance (ANCOVA) using R (version 2.14.0; R Development Core Team, 2009) following Aoki (2011) . In ANCOVA, the cumulative UVB irradiances, mortality probits and UVB intensities were used as independent variables, dependent variables, and group variables, respectively. If no significant differences were detected in slopes and mean mortalities among different intensities, linear regression analysis was applied to the data set using the "lm" module of R. LD 50 values and associated standard errors were obtained using the "dose.p" module in the package MASS, and 95% confidence intervals of the LD 50 values were calculated based on the 97.5% point of cumulative probability distribution in the t-distribution predicted using the "qt" module of R.
4. Analysis of the effects of low intensity UVB on egg mortality
To evaluate whether reciprocity was applicable to the effects of low-intensity irradiation (0.014-0.023 W m −2 ), we performed a generalized linear model (GLM; Gaussian) analysis using probit mortality data sets for eggs, with the UVB irradiation treatment categorically divided into low intensity and high intensity (0.19-0.58 W m −2 ). The probit mortality data sets were obtained using the procedure described above (see section 2.4.1).
4. 3. Analysis of the effects of UVB irradiation on the developmental rate
The effects of UVB intensity on the developmental rate were evaluated by ANCOVA using R following Aoki (2011) . In ANCOVA, the cumulative UVB irradiances, developmental days, and UVB intensities were used as independent variables, dependent variables, and group variables, respectively. If no significant differences were detected in slopes and mean mortalities among different intensities, linear regression analysis was applied to data sets with all UVB intensities combined, except controls (0 W m −2 ), using the "lm" module of R.
4. 4. Analysis of the effects of UVB irradiation on egg production of adult females
For the analysis of egg production, linear regression analysis was applied to the data sets with all UVB intensities combined, except for females with no egg production, using the "lm" module of R. We did not apply ANCOVA because the sample sizes for individual intensities were too low.
Results
1. Mortality regression on cumulative UVB irradiance and LD 50
Mortality increased with cumulative doses of irradiation, and no differences in mortality were observed among UVB intensities for eggs, larvae, and adult females (Fig. 2a, b, d , respectively). Larvae were not likely to be affected by UVB irradiation in terms of their behavior and activity after exposure to UVB radiation, and most entered the protochrysalis stage normally, even at the higher cumulative UVB irradiance. However, many individuals died during the protochrysalis stage or failed to molt to the protonymphal stage and died. In contrast, the mortality of teleiochrysalis females also increased with increasing cumulative UVB irradiance but reached a plateau at 2.8 kJ m −2 (Fig. 2c) . ANCOVA using probit mortalities revealed that neither the slope nor average mortality significantly differed among UVB intensities for all life stages (egg, slope: F [2, 8] We observed strong positive linear correlations between probit mortality and cumulative UVB irradiance for eggs, larvae, and adult females (Fig. 3) . The LD 50 value was highest in adult females, followed by larvae and eggs (Table 1) . Although we detected a significant positive linear correlation for teleiochrysalis females, both the slope and coefficient of determination (R 2 ) were much smaller than those observed for the other developmental stages, causing the LD 50 value to be equivalent to that in larvae (versus adult females; Fig. 3, Table 1 ).
Reciprocity in mortality of eggs exposed to low-intensity UVB radiation
The mortalities of eggs exposed to UVB radiation at low intensity (0.014-0.023 W m −2 ) also increased with cumulative UVB irradiance and were distributed around the linear regression line for eggs exposed to UVB radiation at high intensity (0.19-0.58 W m −2 ; Fig. 4) . A GLM analysis revealed that the UVB intensity to which eggs were exposed (low or high) did not significantly affect egg mortality ( Table 2 ), suggesting that reciprocity is also applicable when eggs are exposed to UVB radiation at very low intensity.
Effects of UVB irradiation on larvae and subsequent developmental rates
In individuals that had developed from larvae to adulthood after exposure to UVB radiation at the larval stage, no differences were observed in the number of developmental days among UVB intensities for either females or males (ANCOVA: female, slope: F [2, 3] Fig. 4 ). Because only one female and one male developed to adulthood, data for UVB intensity at 0.31 W m −2 for 90 min (1.674 kJ m −2 ) exposure were excluded from the data analysis. The developmental period was prolonged with increasing cumulative UVB irradiance. We observed a significant positive linear relationship between cumulative UVB irradiance and developmental period, except for the control (0 W m −2 ), in both females and males (males: y = 1.2454x + 4.8320, R 2 = 0.6292, P = 0.006564; females: y = 2.2946x + 4.5381, R 2 = 0.832, P = 0.0003769). However, the y-intercept (4.8 and 4.5 days in males and females, respectively) was obviously smaller than that for the developmental period of individuals in controls [0 W m −2 , 5.4 ± 0.1 (SE) and 5.8 ± 0.1 days in males and females, respectively; Fig. 5 ]. Using the linear regression, the cumulative UVB irradiance corresponding to the developmental periods in controls was back-calculated to be 0.48 and 0.53 kJ m −2 in males and females, respectively. Therefore, cumulative UVB irradiance below 0.5 kJ m −2 may have no to slight negative effects on the rate of subsequent juvenile development, regardless of the intensity of UVB radiation. Consequently, the reciprocity law was upheld in juvenile development when cumulative UVB irradiance exceeded 0.5 kJ m −2 . However, negative effects did not occur below 0.5 kJ m −2 .
Effects of UVB irradiation on adult females and subsequent egg production
In adult females, egg production was reduced with increasing cumulative UVB irradiance (Fig. 6) . Females that survived after exposure to 0.58 W m −2 for 24 h (50.112 kJ m −2 ) of UVB radiation (n = 4) and laid no eggs were excluded from Fig. 6 and the linear regression analysis.
The number of eggs did not remarkably differ among UVB intensities at the corresponding cumulative irradiance. We detected a significant negative linear relationship between cumulative UVB irradiance and egg production using the combined data set (y = −1.3282x + 44.8954, R 2 = 0.906, P = 0.0001686; Fig. 6 ). Therefore, the reciprocity law was upheld for egg production.
Discussion
We tested the idea that cumulative irradiance is more detrimental than simply being exposed to a higher intensity, that is, the Bunsen-Roscoe reciprocity law, in the biological effects of UVB radiation on a terrestrial phytophagous mite. To evaluate this idea, we compared the effects between intensity and cumulative irradiance of UVB radiation on mortality and performance of T. urticae. As a result, mortality after exposure to UVB radiation increased with cumulative UVB irradiance, regardless of UVB intensity, in the eggs, larvae, teleiochrysalises, and adult females of T. urticae. Moreover, juvenile development and egg production were also negatively affected by cumulative UVB irradiance (> 0.5 kJ m −2 for juvenile development), regardless of UVB intensity. These results are consistent with those of Sakai et al. (2012) , who found that the hatchability of T. urticae eggs experimentally exposed to solar UVB radiation was negatively correlated with cumulative UVB irradiance but not with UVB intensity.
Divergence from the reciprocity law was observed in aquatic animals under UVB radiation at low intensity such as 0.2-0.4 W m −2 (Cywinska et al., 2000; Wübben, 2000) , suggesting a presence of damage threshold by UVB intensity. In contrast, reciprocity was applicable to mortality of T. urticae eggs even if those were exposed to very low-intensity UVB radiation (0.014-0.023 W m −2 ). Instead, we found damage threshold cumulative UVB irradiances for juvenile performance; the developmental rate was not affected by UVB irradiation below 0.5 kJ m −2 . Therefore, we concluded that the reciprocity law is applicable to UVB damage in T. urticae. This study may be the first report demonstrating the reciprocity law for UVB damage in a terrestrial animal. Such difference in thresholds between aquatic and terrestrial animals might be caused by the difference in the presence/absence of surrounding water.
Although the significant positive linear correlation was observed between cumulative UVB irradiance and probit mortality in T. urticae teleiochrysalis females, the R 2 value and slope of the regression line were small. In contrast, larvae exposed to UVB radiation died primarily during the protochrysalis stage or later when failing to molt to protonymphs. These results suggest that the physiological mechanism for ecdysis was vulnerable to damage from UVB. Moreover, vulnerability during chrysalis stages may differ depending on the phase preceding molting, which may be why the vulnerability of teleiochrysalis was diverse and more similar to that of larvae than of adult females, despite a larger body size as teleiochrysalises than as larvae.
In regard to solar radiation, daily cumulative UVB irradiance is highest in summer (generally July and August) and lowest in winter (December and January) in the midlatitudes of the Northern Hemisphere. According to the Solar Radiation and Weather Monitoring Project at Kyoto Women's University (http://www.cs.kyoto-wu.ac.jp/~konami/climate/index.shtml), maximum and minimum daily solar UVB irradiance were 21.8 and 4.3 kJ m −2 , respectively, in Kyoto, Japan (34°59'N, 135°47'E) during [2009] [2010] . Therefore, the maximum daily irradiance was close to the LD 50 value of adult females, and even minimum daily irradiance exceeded the LD 50 values of eggs, larvae, and teleiochrysalis females obtained in the laboratory. However, Sakai et al. (2012) estimated that the LD 50 of T. urticae eggs caused by solar UVB radiation was about 50 kJ m −2 . This value is 86 times the LD 50 for eggs (0.58 kJ m −2 ) and twice that for adult females (26.12 kJ m −2 ) determined in our laboratory experiments using a UV lamp.
Such differences between damage by the UV lamp and solar UV radiation also likely occur for effects on the egg production of adult females. Sakai and Osakabe (2010) tested irradiation effects on egg production by exposing T. urticae adult females to solar UV radiation under UV-transparent and UV-opaque film. They observed a reduction in the egg production of females exposed to solar UV radiation (under UV transparent film; Sakai and Osakabe 2010) . However, the reduction was less than 30% of that observed for egg production by females under UV-opaque film, despite cumulative UVB radiation values for UV-transparent and UV-opaque film being 84.6 and 49.7 kJ m −2 , respectively. In this study, the cumulative UVB irradiance at which egg production is zero, as calculated from the regression line, is 33.8 kJ m −2 . In actuality, most adult female individuals died and the survivors laid no eggs after exposure to 50.112 kJ m −2 UVB radiation. The potential mechanism causing such variation in LD 50 values between laboratory and field studies may be the photoenzymatic repair of UVB-induced DNA damage (Kalthoff, 1975; Sinha and Häder, 2002; Macfadyen et al., 2004) . In fact, Santos (2005) has suggested such a function of photoreactivation in T. urticae adult females. Moreover, recent coding sequence (CDS) analyses have revealed the presence of several cyclobutane pyrimidine dimer (CPD) photolyase genes in the T. urticae genome (Grbić et al., 2011) . Photoenzymatic repair of DNA lesions with the aid of photolyase is one of the most important repair mechanisms that frequently occurs in many organisms (Sinha and Häder, 2002; Weber, 2005) . Our experimental condition also included some UVA and visible light radiation. However, the ratio of UVA and visible lights in the spectrum was extremely smaller than those in solar radiation, suggesting that photoenzymatic repair is likely to play more effectively under solar radiation than our experimental condition.
Consequently, our findings suggest that such a photoreactivation mechanism plays an important role for the survival of T. urticae under solar radiation as well as the behavioral response. They escape from solar UV radiation by remaining on the underside of leaves (Sakai and Osakabe, 2010) . Moreover, Fukaya et al. (2012) demonstrated the preferential exploitation of shaded area in Panonychus citri (McGregore), an upper surface user of host plant leaves (Fukaya et al., 2012) . To understand how mites cope with a solar UVB radiation threat to their survival and fitness, it is critical to assess both physiological and behavioral adaptation to ambient UVB radiation as well as the mechanisms causing UV damage. Table 1 . Fig. 4 Mortality of eggs exposed to UVB radiation at low intensity (0.014-0.023 W m −2 ; solid circles) and regression line of eggs exposed to UVB radiation at high intensity (0.19-0.58 W m −2 ; dotted line; see Table 1 ). 
